Abstract-The design of an imaging system capable of detecting both high-energy -rays and optical wavelength photons is underway at the UCLA Crump Institute for Molecular Imaging. This system, which we call optical PET (OPET), will be capable of noninvasively and repeatedly imaging small animal models in vivo for the presence of PET and optical signals. In this study, we describe the physical principles behind the operation of the OPET imaging system and discuss the design concept for one of the detector modules. Additionally, we demonstrate the operation of an initial prototype detector module for simultaneous detection and imaging of annihilation radiation and single optical photons emanating from separate sources. These results indicate that the construction of an imaging system based on this detector technology is feasible.
I. INTRODUCTION
O PTICAL imaging is an essential tool at the disposal of biological researchers. Due to the poor penetration of visible light photons in mammalian tissues [1] , optical imaging techniques have been mostly limited to surface applications in humans. Still though, these techniques continue to have tremendous impact in cellular and molecular biology research and are now finding significant applications in in vivo small animal imaging [2] . Translation of these scientific advances to human applications is facilitated with the development of dual molecular imaging probes, presenting both optical and PET signals [3] . OPET is a device designed to facilitate the translation of biological research and knowledge between the optical and PET realms by imaging small animal models and capable of detecting and simultaneously imaging both PET and optical signals. One could for example, image radiolabeled luciferin, to evaluate the temporal and spatial distribution of the substrate availability in tissue, especially in situations where the blood flow is impaired such as in infarct models, or tumors with poor vascularity [4] .
In this work, first we describe the relevant physical principles of the two imaging devices that we are combining into a single system in OPET. Next, by considering the nature of the signals in optical and PET measurements, we show how a single detector may be designed and constructed to record both signals. Finally, we outline an imaging system concept for the OPET tomograph and then present results from tests of a prototype OPET detector module.
II. BIOLUMINESCENCE (OPTICAL) SETUP
A typical bioluminescence study involves injection of a substrate (luciferin) into a subject containing genetically engineered cells that produce the enzyme luciferase. Photons in the range from 510 to 700 nm are emitted in the reaction of luciferin, oxygen, and ATP catalyzed by luciferase. For the animal of interest, the mouse, the large attenuation of photons with wavelengths below 600 nm, even for cells implanted subcutaneously, results in an emitted spectrum peaked at around 610 nm [5] .
Because of the significant light attenuation, cooled charged coupled devices (CCD) are typically required to detect the limited number of photons emitted from the surface of the mouse. For our study, we used the commercial IVIS ® System (Xenogen Inc. Alameda, CA) as a reference. This system consists of a cooled CCD camera mounted in a light tight black box. Photons from the mouse are focused or "coupled" to the CCD with a high quality lens. The overall number of photons is "counted" through charge integration on the CCD, providing a 2-D image of the emitted light from the mouse. This image is superimposed on a conventional grayscale photograph of the reflected light to provide anatomical orientation [2] . Exposure times range from a few seconds to a few minutes for typical studies. For this setup, the arrival time of each photon in the CCD is not available.
While the spatial resolution of the IVIS ® System is excellent (on the order of micrometers), the resolution requirements on the instrumentation for in vivo mouse studies is much lower-on the order of a few millimeters bioluminescence. That is because unabsorbed optical wavelength photons are highly scattered in mouse tissues and therefore greatly reduce the intrinsic spatial resolution of the optical signal. For example, a point source of light embedded in 4 mm of tissue will produce a broad distribution on the surface with a FWHM of 5-6 mm [5] .
III. SMALL ANIMAL PET
The microPET scanner design and performance is described in detail elsewhere [6] , [7] . Relevant to this article are the detector modules that are required to determine both the position and arrival time of annihilation photons.
A detector suitable for use in small animal PET imaging systems contains a scintillation crystal array for conversion of the annihilation -rays to low energy visible light photons, and a multichannel or position sensitive photodetector used to detect them. Both solid state and vacuum tube technologies are suitable as photodetectors [8] , [9] . In this case, the PET detector scintillators are crystals of dimensions 2 2 10 mm, wrapped with a reflective material and packed into an array of 64 optically isolated crystals. The spectrum of light generated when a -ray interacts with one of these crystals is shown in Fig. 1 for a number of common scintillator materials [10] . The photons correspond to wavelengths in the blue green region of the spectrum (350-550 nm) in contrast to photons emitted from the animals in the case of bioluminescence (600-750 nm), which is illustrated in Fig. 1 .
Avalanche photodiodes (APDs) arrays and multichannel photomultiplier tubes (MC-PMTs) are used as photodetectors for PET scanners since they can provide both positional and temporal information. Conventional MC-PMTs employ bialkali photocathodes to match the wavelengths of photons generated by the scintillation crystals. The typical quantum efficiency (QE) of the MC-PMTs is shown as the solid line in Fig. 2 . The QE at scintillation wavelengths is around 20%. Typical MC-PMTs now used for PET have a square face, an active area of 22 22 mm and consist of multiple separate channels. Spatial resolutions better than 1 mm have been obtained with such PET modules [11] .
IV. COMBINED SYSTEM
In Fig. 3 , we present a schematic demonstrating the two separate schemes for detecting bioluminescence photons and annihilation -rays for PET. The type of photodetector used for either optical or for PET imaging, is dictated by the different characteristics of the photons that need to be detected by the two different imaging modalities. PET requires a fast (nanosecond) photon counting detector, while imaging of optical photons is typically performed with slow photon integrating CCD cameras that have high quantum efficiency throughout the optical spectrum ( 60%). In order to combine the imaging of both signals into a single detector we require that the detector be sensitive to both the blue and red wavelength photons. In addition, the detector must be sensitive enough to register the single photons generated from biolumenescence and have a large enough dynamic range to handle the large bursts of photons produced in -ray interactions in the scintiallation crystal.
With these considerations, we designed a single detector module to be used in the OPET system, which will allow the measurement of the position of both -ray events and optical wavelength photons emanating from the surface of a mouse. We will eliminate the CCD and lens and use the scintillation array with an open end and photomultiplier tube for detection of both -rays and optical photons.
Example geometry for a single ring OPET system is shown in Fig. 4 . The detector module geometry can be seen as well and will consist of a 64-channel photomultiplier tube. Coupled to the tube is a 2 2 10 mm array of crystals that serve as both scintillators for the interaction of the -rays and as light guides for the optical wavelength photons. To allow the red wavelength photons from the surface of the mouse into the crystal and onwards to the PMT, the crystal will have to be optically open on both ends.
The detector will function as a PET module [6] in the presence of annihilation -rays. For optical imaging, the surface of the mouse will be placed directly against the crystals and the location of the light will be determined by crystal identification.
V. PRELIMINARY TESTS

A. Detector Requirements
In order for the detector to function as both optical and -ray detector, it must satisfy a number of requirements: (i) The scintillator array must be capable of transmitting long wavelength photons from the animal to the photodetector; (ii) the detector must be capable of detecting and imaging individual light photons; (iii) the photodetector must be sufficiently sensitive to these photons to allow experiments comparable to those performed with CCD/lens based systems; and (iv) the spatial resolution of this detector needs to be on the order of 2 mm, to avoid degradation of optical signal spatial resolution for most of the mouse body.
B. Detector Transmission Tests
In Fig. 5 , we plot the transmission of light through 1 cm thick GSO and BGO scintillators as a function of wavelength. These data were obtained using a Beckman DU-65 spectrophotometer (Beckman Inc., Fullerton, CA). The crystal was placed within the sample compartment in the light path between a variable wavelength, monochromatic source and the photo detector. The transmission for the wavelengths of interest for optical imaging (600-750 nm) is about 70%-75% and is sufficient for this application.
C. Imaging With a Multi-Alkali MC-PMT
In order to demonstrate that single photons and -rays can be simultaneously imaged using the proposed detector module, we obtained an 8 8 GSO scintillation array from Hitachi (Marubeni Chemicals Inc., White Plains, NY) and mounted it on an MC-PMT. A similar crystal array made from LSO was also tested, but it presented high afterglow that rendered it unusable for the application. Large afterglow effects in LSO excited by -rays has also been reported by others [12] . Each of the GSO crystals had a 2 2 mm cross-section and was 15 mm long. These crystals were optically isolated from each other by a thin grid of reflector forming a 64 element square array. The ends of the crystal array were left open with one end attached by optical grease to the MC-PMT. We obtained a prototype H7546 MC-PMT from Hamamatsu (Hamamatsu Photonics, Bridgewater, NJ) with an extended red sensitive multi-alkali photocathode in order to boost the efficiency of the tube to red wavelength photons. As seen from the quantum efficiencies plotted in Fig. 2 , the use of a tube with such a photocathode could increase the sensitivity to these photons (600-750 nm) by a factor of 4-5 above bialkali MC-PMTs. The prototype MC-PMT has an active area that matched the dimensions of the GSO crystal array.
The MC-PMT and GSO array were placed in a light tight black box along with a red wavelength light emitting diode (LED). An "optical" mask was placed on top of the GSO array in order to form a distinctive light photon pattern entering the crystal array. The mask was a 2.5 2.5 cm black photographic paper with seven 2 2 mm holes cut in it and is displayed in Fig. 6(a) . A 5 Ci positron emitting Na source was placed mm from the crystal array and the LED was flashed while both -ray and optical data were acquired. The data acquisition and event separation was performed with a special readout circuit described elsewhere [13] . In principle, single photon events were acquired between occurrences of the large pulses generated by the -ray events.
Shown in Fig. 6 are the images produced by the optical events (b) and the -ray events (c). The pattern of the optical mask providing the visible light input is evident in Fig. 6(b) , however, one of the holes is missing and in general the intensity in the upper edge of the image is significantly lower than that of the bottom half of the image. Flood measurements performed by flashing the LED with no mask revealed that the sensitivity of the photocathode to red wavelength photons was nonuniform and was especially weak in the upper portion of the MC-PMT. The pattern for the -ray events shown in Fig. 6(c) is typical of "flood" histograms routinely obtained from such detectors [14] . The response of the photocathode of this early prototype PMT to the blue-wavelength photons generated by the -ray interaction in the crystal is apparently more uniform than the phototube's response to red wavelength photons as we did (c) At the same time, a "flood" histogram was acquired from -rays emitted by a Na source placed near the array. (d) The single photoelectron spectrum (SPE) from one of the bright areas of the optical image is shown. (e) An energy spectrum due to -ray interactions in one of the crystals is shown. Fig. 7 . Sensitivity test of the OPET module was performed with two calibrated red wavelength LEDs. In the left panel is the image produced in the Xenogen IVIS ® System. On the right is the same light source set in direct contact with the OPET detector module. In both images a background image has been subtracted. The count rates in the bright area of the images were used to compare sensitivities and the results are displayed in Table I. not observe a marked difference in sensitivity as a function of position in the -ray image. We expect future "production quality" MC-PMTs to exhibit improved uniformity in the red wavelength response. Figs. 6(b) and (c) . The events in the region around the brightest spot in Fig. 6 (b) were histogrammed with respect to the amplitude of the event, and resulted in the typical single photon spectrum in Fig. 6(d) . For Fig. 6(e) , one of the crystals near the middle of the image was selected and these -ray events were histogrammed. The photopeak due to the 511 keV annihilation -rays is evident in this figure.
These images and spectra demonstrate simultaneous imaging of both -rays and red-wavelength photons. The experiments were performed at count rates typical for PET ( cps for singles). Further studies will be necessary to ascertain the degree to which the two signals interfere with each other, and especially the effect of afterglow of the scintillator on the optical image.
D. Sensitivity Tests
We measured the sensitivity of the detector module described in the last section with a low-level light source used for quality control of the IVIS ® CCD System. The flux of photons from two red-wavelength LEDs ( nm) provided with the light source was measured with the Xenogen IVIS ® System. Each LED was covered with material, which created a diffuse spot of approximately 1 cm diameter while the two sources were separated by 1 cm center-to-center. These measurements revealed a photon flux of photons/s (ph/s) into steradians for one source and ph/s for the other. The light source was placed on the GSO crystal array and a 5-min acquisition was performed in the presence of a Na source which provided an annihilation -ray count rate of cps. In Fig. 7 , we show the image obtained from both the IVIS ® measurement and the measurement with the prototype detector. In both cases, background measurements were performed and the results subtracted. The presence of two sources is evident in both images. In the right image, the variation in the bright areas is apparently associated with the dynode structure of the MC-PMT. We have integrated the counts in the bright areas of both figures and the results are displayed in Table I . While these results are preliminary, the observed count rates for optical events indicate that this prototype OPET detector module should have comparable sensitivity to the IVIS ® System. We expect the OPET detector sensitivity to increase with improvements in the readout electronics that will allow more accurate adjustment of the low level threshold. Further studies of this detector module are underway.
VI. SUMMARY
We presented a conceptual design for a detector module to be used in the OPET imaging system. We demonstrated that such a detector can be nearly as sensitive to bioluminescent light as state-of-the-art lens coupled CCD-based systems. Simultaneous imaging of optical wavelength photons and -rays was also shown for a red sensitive MC-PMT.
